for discussion : (1) the existence of smectic order in nematic phases, (2) the tilt angle in smectic C phases, and (3) the rotation of molecules about their long axes.
(1) X-ray investigations have shown that there is a short range smectic C-like order in nematic phases in three homologous series in which there is a smectic C phase directly below the nematic phase. This short range order also appears to have a dramatic effect upon the electrical conductance behavior in these phases which have been called skewed cybotactic nematic phases.
(2) The C phases in the three homologous series that have skewed cybotactic nematic phases have tilt angles that (a) have little or no temperature dependency and (6) are large, generally greater than 40°. These C phases have been classified as CI phases. Another type of C phases has been called C z phases. An example is the C phase of terephthal-bis-butylaniline, in which the tilt angle is (a) strongly temperature dependent (going to 00 at the SC-SA point) and (b) remains relatively small ( < 26O).
(3) There is no agreement on whether or not the molecules rotate in the smectic H phase, but nevertheless the evidence appears to lead consistently to the conclusion that molecular rotation is not the characteristic difference between highly ordered liquid crystal phases on the one hand and solid crystal phases on the other hand. In nematic and isotropic phases the rotation about the long axis appears to be a hindered rotation.
A bibliography of structure relevant literature from 1972, 1973, and early 1974, and some related papers, is included.
1. Prologue. -In our search of the literature of 1972, 1973, and early 1974, for papers containing experimental data related to the structure of thermotropic liquid crystals, we found some 100 relevant papers. With such a large amount of material available for one review paper, there are basically two approaches possible : mention all data very briefly, or select a limited amount of data for a more detailed discussion. We have chosen the latter approach, but, to give at least some recognition to all the other structurerelated work not discussed in this review, we have collected in a bibliography at the end of this review all papers from the time period under consideration that have come to our attention and that were judged relevant to structure. All papers are given with full titles, and are arranged according to the experimental technique used. All references in the present paper are included in and refer to this bibliography.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1975101 VRIES 2. Introduction. -The structure of liquid crystals can be investigated on different levels of molecular detail. At the simplest level (level I) the molecules areconsidered as, rigid rods. At the second level (level 11) the molecules are pictured as flat plates, as rods with dipoles at an angle to the rod axis, or a combination of both. At the most detailed level (level 111) one takes into consideration the actual molecular structure ; some knowledge of the molecular structure is often necessary already at levels I and 11, because the molecular structure determines, e. g., the lengths of the rods and the orientations of the dipoles with respect to the rod axis.
There are still numerous, important, and unresolved questions even at the simplest level of structure investigation. Work in this area deals with the nematic order parameter, the smectic order parameter, the tilt angle, the lattice in ordered smectic layers, and the degree of coupling between the smectic layers.
At the second level some important questions are : what do we know about rotation of the molecules around their long axis ; are the dipoles ordered, and, if so, in what manner ; and what is the arrangement of the molecular planes in the ordered smectic phases.
At level 111, one investigates the conformation of the alkyl chain, the relativgorientation of different sections of the molecule, and the possibility that different parts of the molecule rotate with respect to each other.
Three areas of research have been selected for discussion in this review : (a) the existence of smectic order in nematic phases, (b) the tilt angle in smectic C phases, and (c) the question of the rotation of molecules around their long axis. Subjects a and b will be discussed at level I (as defined above), subject c at level 11.
3. Smectic order in nematic phases. -3.1 INTRO-DUCTION. -Most of the work in this area has been done on nematic phases that have a smectic A phase at lower temperatures. But, from the point of view of structure, more can be learned from the study of another, type of nematic phases, namely nematic phases that have a smectic C phase at lower temperatures. The reason is that in (( smectic C nematics D, if we may call them that way, the smectic-like order has two aspects that can be studied and that have a variable parameter associated with them, whereas in (( smectic A nematics )) it has only one such aspect. The common aspect of smectic order in nematics is, of course, the formation of smectic-like layered structures ; the additional aspect of smectic order in <( smectic C nematics )) is the tilt angle 9 (Fig. 1) . This tilt angle provides us with a very convenient (( handle )> for studying the molecular arrangement in these smectic-like groups. For instance, one can determine the change in the tilt angle at the smectic C-nematic transition, and one can follow the tilt angle as a function of temperature in the nematic phase, and thus one can obtain important additional information about the structure of these groups. 3.2 X-RAY WORK. -The observation of such smectic C-like groups in the nematic phase was first reported by us in 1970 [53] . We called these groups rr cybotactic groups )), and for the nematic phases which contained such groups we introduced the name r( cybotactic nematic phases )). To emphasize that in the smectic-like groups of molecules in these phases the molecules do not stand perpendicular'to the boundary planes, we shall use here the name cr skewed cybotactic nematic phases )) [52] for these phases. A well aligned skewed cybotactic nematic phase has a very characteristic x-ray diffraction pattern (Fig. 2) . The particular feature typical for the skewed cybotactic nematic phase is the set of four diffraction maxima close to the center of the photograph. From this diffraction pattern (Fig. 2) we concluded [53] the existence of skewed cybotactic groups ( Fig. 1 ). Chistyakov and Chaikowsky [48] reported a very similar pattern (Fig. 3 ), but interpreted it quite differently. In a recent paper [49] , however, they have changed their position and they now also interpret their diffraction pattern in terms of skewed cybotactic groups. (mentioned above) can easily be recognized. The height of the peaks is a direct measure of the degree of smectic C-like ordering, and the position of the peaks is a direct measure of the tilt angle (the closer the peaks are to the vertical axis in figure 5 , the smaller is the tilt angle). A scan through the diffraction pattern along the line aa' (Fig. 5 ) thus gives information on both parameters, because it will show the height of the peak as well as its distance from the vertical axis. Such scans, at different temperatures, are given in figure 6 . It may be seen that the degree of smectic order decreases fairly rapidly with increasing temperature, but that the tilt angle decreases only slightly.
3.3 CONDUCTIVITY MEASUREMENTS. -Conductivity measurements by Rondelez [102] suggest that skewed cybotactic groups can have a pronounced effect on the electrical conductivity. Figure 7 shows the conductance behavior in an ordinary (i. e., non-cybotactic) nematic phase, aligned in a magnetic field. Rondelez measured the conductivity parallel to the field and perpendicular to the field. The ratio of the two, R, is plotted as a function of temperature. As might have been expected, the conductance is greatest parallel to the field (i. e., layers the conductivity within the layer would be greater than the conductivity across the layer boundaries. In terms of this explanation, then, one could say that the nematic phase of HpOAOB has, over its full stability range, a smectic-like conductivity behavior. [102] ). parallel to the molecules), and so R is larger than 1 in the nematic phase. In the isotropic phase the molecules are no longer aligned to any appreciable extent by the magnetic field, and so R becomes equal to 1. Within the nematic phase R is found to decrease continuously with increasing temperature. Figure 8 gives the conductance behavior of three skewed cybotactic nematic phases, and this behavior appears to be quite different from that for the ordinary nematic phase. First, R starts out (at the low temperature end) being less than 1 or almost equal to 1, instead of significantly greater than 1 (as in Fig. 7) , and, second, R always shows an initial increase instead of a continuous decrease. The most dramatic in both respects is the curve indicated by the + signs, which is for HpOAOB (the same compound as studied by McMillan, above) : it starts far below 1, and it keeps increasing all the way. Rondelez attributes this behavior to the presence of cybotactic groups, and it is indeed quite plausible to assume that in smectic-like -Before we can start our discussion of the tilt angle in smectic C phases, we shall first have to define what kind of smectic C phases we will be talking about. In 1970, Taylor, Arora, and Fergason published a paper [I081 about a smectic C phase in which the tilt angle was strongly dependent upon the temperature and in that paper they also pointed out that for most smectic C phases there was no such strong temperature dependence. Elsewhere [55] we have proposed an even further subdivision of smectic C phases, identifying the various subgroups as C,, C,, C , and C,. The only subgroups for which detailed measurements of the tilt angle are available to date are C, and C2, and so these will be the ones we shall discuss here.
4.2 C, PHASES. -C1 phases have been identified as such in three homologous series, the same as those we discussed earlier as having skewed cybotactic nematic phases (Fig. 4) . Characteristics of C , phases are that (a) the tilt angle is always large, generally larger than 40°, (b) the tilt angle has little temperature dependence, (c) on heating the C1 phase always goes directly over into a nematic or isotropic phase, never into a smectic A phase, and (d) the corresponding nematic phases are always skewed cybotactic nematic phases, that is, they always have a pronounced smectic-C-like structure.
The tilt angles of one or two members of each of the series in figure 4 have been measured with various techniques, and all the data that we know of are listed in Table I . Not surprisingly, most measurements have been made on HpOAOB. The agreement among the data is not too good, which may be due to various causes. In comparing data obtained with different techniques, one has, of course, to keep in mind that different techniques have different definitions of the tilt angle. In most of the optical studies, for instance, one measures the direction of the principal optical axis [109] . With x-rays one determines the direction of the long axis of the molecule, and since the molecules are by no means linear there is some ambiguity as to what the long axis really is. NMR looks at the direction of the major axis of the macroscopic magnetic susceptibility of a domain [35] . And so on. All these different dejkitions of tilt angles could easily lead to small differences in the values of tilt angles reported. Also, most of the optical studies (all those that gave the 450 angle) [I091 were made with a setup which had a built-in angle of 450, and so these studies only allowed a check of whether or not the tilt angle was reasonably close to 450. And for the x-ray, NMR, EPR, and Mossbauer studies one always uses a model of the structure in the interpretation of the data, so the reliability of the tilt angle depends upon the quality of the model ; sometimes these models are rather elaborate and involve various assumptions and parameters. Furthermore, when one uses,a label (either in the liquid crystal molecule itself or in a solute) to study the tilt, the nonlinearity of the molecules involved means that the measured tilt angle may be strongly dependent on where the label is located in the smectic layer [26, 271. All in all, it is clear that in a comparison, as in Table I for HpOAOB, differences should be expected, some as genuine differences, others as errors.
For the other compounds not many comparisons can be made, although it is interesting to note that some of the x-ray data suggest that increasing the molecular length by 8 carbon atoms (from HpOAOB to UOAOB) hardly influences the tilt angle (420 and 430 versus 420). For the AOBCP's the values 450, 500, and 490 are reasonably similar, considering the different techniques used, but the difference between the data for NOBA (450 and 550) appears to constitute a definite disagreement. Table I contains for each compound only one value for each reference source. It is interesting to note, however, that for HpOAOB all three x-ray sources find a slight decrease of tilt with temperature. Luckhurst and co-workers, in their EPR work (the 38.50 value), also found a slight decrease but considered it insignificant. All others report the tilt angle as independent of temperature.
4.3 C, PHASES. -The other type of C phase which has been studied extensively is the C, phase. An example of a C, phase is the C phase of terephthal-bisbutylaniline (TBBA). Some data are given in figure 9 , where the tilt angle, which is here called 8, is given as a function of temperature for the three smectic phases, B, C, and A. The tilt angle is here always relatively small compared with most values for the C1 phases in Table I (for the C1 phases the values were generally above 400, here the highest value in the C phase region is only about 26O). But.the most characteristic feature of the C, phase is the strong dependence of tilt angle on temperature, with the~tilt angle going to zero at the upper temperature limit. The agreement between the two curves in figure 9 is, fairly good, the main difference being in the values of the transition temperatures. Others who have determined the tilt angle in TBBA as a function of temperature are Luckhurst and Sundholm [25] using EPR, Luz and Meiboom [35] with NMR, and Wise, Smith and Doane 1411, also with NMR. They all report that their data agree with the optical data of Taylor and co-workers (the broken curve in Fig. 9 ). This agreement represents a favorable contrast with the differences we saw earlier among the measurements on C , phases. A conclusion which possibly could be drawn from this is that with most techniques it is easier to measure small tilt angles than it is to measure large tilt angles. An exception might be the x-ray method, with which -in principle at leastlarge tilt angles can be measured far more accurately than small tilt angles ; this may be the reason why Doucet's x-ray data (the full curve in Fig. 9 ) appears to deviate more -for the smaller angles.
SMECTIC H PHASES. -In the time period covered
by this review, we have not been able to find any direct evidence relative to whether or not the molecules rotate in the S, phase, but there is some indirect evidence contained in the models that have been proposed to explain various other properties of this phase.
The models proposed so far for the S, phase are shown in figure 10 . In all three models the long axes of the molecules are assumed to be parallel to each other (perpendicular to the plane of the paper), arranged in a hexagonal (or approximately hexagonal) array, and tilted with respect to the smectic plane. The difference between the models is in the orientation of the molecular planes about their long axes. 5. Molecular rotation in highly ordered smectic phases.
-5.1 INTRODUCTION. -We shall now regard the molecules as elongated plates, and take a look at the question of whether or not these plates rotate around their long axes. 'One would generally expect to have more rotational motion in the more disordered phases which occur at higher temperature, and less rotational motion in the more orderedphases which occur at lower temperature. So, to see if it is possible to have any liquid crystal phase in which there is little or no rotation of the molecules around their long axis, one should investigate a phase with a high degree of order. The smectic H phase appears to be a logical choice, not only because its structure has been studied by several investigators, but also because the question of rotation has additional significance here. The smectic H phase has, at least on a local scale, a regular three-dimensional lattice [58] ,jvery much like that in a normal solid crystal. If it could be s h o w that in smectic H phases the molecules rotate around their long axes, then these phases should possible be regarded as a special kind of plastic crystals rather than as liquid crystals.
In figure 10a we have the model proposed recently by Doucet, Levelut and Lambert 1621 for the smectic H phase of TBBA (they call this phase a smectic B phase, but that is just a matter of nomenclature and we shall not go into that now). In their model, the French group assumes a cooperative rotational motion of the molecules around their long axes, and this motion is symbolically represented in figure 10a by the larger circles. In figure 10c we have the model proposed recently by Meyer and McMillan [1011. They proceded from the smectic C theory of McMillan 1991 and arrived at this theoretical model for the smectic H phase, in which the main permanent dipoles in one half of the smectic layer -the short arrows in figure 10c -are oriented parallel to each other. The dipoles in the other half of the smectic layer are assumed to be pointing in just the opposite direction, so that the net dipole moment of the whole smectic layer is still zero. The essential feature of this model is the alignment of the dipoles, an'ct this, of course, is in direct conflict with the rotation proposed in figure 10a . In figure 106 we have the herringbonetype hacking of the molecular planes proposed by De Vries and Fishel in 1972 [58] . This model agrees with neither one of the other two, but it has in common with the model in figure 10c that it also assumes that the molecules are not rotating. So, we have one model which assumes rotation, two which assume no rotation, and at this point the question as to whether or not molecules rotate around their long axis in the smectic H phase remains open (for a more detailed discussion of these three models see [56] ).
ROTATION NOT ESSENTIAL FOR LIQUID CRYSTALS.
-With regard to the other question, however, the question of whether the essential difference between highly ordered liquid crystal phases and solid crystal phases might be that the molecules rotate around their long axis in the liquid crystal phases, the situation is different, because all three parties (the authors of Figs. 10a, b and c) agree that the answer is no : the liquid crystalline character of the highly ordered liquid crystal phases is not caused by molecular rotation. The reason for this agreement in spite of the disagreement in figure 10 is the following. It has been observed [35, 931 that TBBA, which is the compound the French group studied, exhibits on cooling two more liquid crystal phases, below the smectic H phase for which they derived the model given in figure 10a . And for the smectic phase immediately below this smectic H phase the French group [62] proposes a model essentially identical to the model given in figure 106 . In other words, for this highly -ordered smectic phase they propose a model in which the molecules are not rotating. Since this model is so much like figure lob, it can be called a smectic H type structure. We have then the following agreement between the three groups of authors : they all propose, for a highly ordered smectic H type phase, a model in which the molecules do not rotate. And from this we may then infer that they all agree that molecular rotation is not the characteristic which differentiates between highly ordered liquid crystal phases on the one hand and solid crystal phases on the other hand. The question of what then is the difference between these two phase types remains unanswered for now.
After stating this conclusion, it seems proper to add a few qualifying comments.
(a) It might be argued that the phases identified above as cr highly ordered smetic H type phases >> are actually solid phases. In this case the conclusion reached above is still relevant, though, since it implies that these phases cannot be classified as plastic crystals. Also, these phases do have some (( liquid crystalline >> properties (see, e. g. [58]), and it thus remains to be determined what causes these properties.
(b) According to McMillan's theory [99] , the molecules in the smectic A phase of TBBA can rotate more or less freely about their long axis, whereas in the smectic C phase this rotation gradually freezes out, causing a gradual increase in tilt. From figure 9 it can be seen that in the smectic B phase (which in this review has been called cc smectic H >>) the tilt continues to increase and even at the low temperature limit shows no signs of leveling off. This suggests that the rotation about the long axis is still gradually freezing out, or, conversely, that there is still some rotation going on, even at the low temperature limit. From this one might generalize and suggest that in all S, phases there might still be some rotation possible. It should be pointed out, though, (a) that the energy barriers against this rotation are probably quite high (see the discussion below on nematic phases), (b) that the packing in the S, phase of TBBA is more loose than in other smectic phases [56] and thus more likely to .allow some molecular rotation, and (c) that the tilted structure of the S, phases reduces the possible symmetry of the force-field around a molecule to such an extent that it becomes very unlikely that the rotation of a molecule could have a Zfold or higher rotational symmetry.
6 . Molecular rotation in nematic phases. -6.1 INTRODUCTION. -We shall now take a look at the situation in the most disordered liquid crystal phases, the nematic phases. There are several papers with information on molecular rotation about the long axis in these phases, and for our discussion we shall put them together in groups according to the experimental technique being used.
6.2 RAMAN SCATTERING. -We have been able to find only one paper in this time period that .uses Raman scattering to study molecular rotation. This paper (on AOAOB's), by Amer and Shen [3] , notes that all lines broaden on going from the solid to the nematic phase, and they assign this broadening to molecular rotation in the nematic phase. They take the position that this rotation about the long axis is more or less free.
6.3 INFRARED SPECTRA. -Infrared spectra have been used by several people. Bulkin and Lok [5] (on PAA and MBBA) make the observation that there are certain intermolecular vibrational modes which are present not only in the nematic phase but also in the isotropic phase, and which disappear only in dilute solutions. From this they draw the conclusion that there exist aggregates of two or more molecules in the nematic and in the isotropic phase, and that these aggregates give rise to hindered rotations.
The notion that rotations about the long axis are hindered rotations is further stressed in a paper by Evans, Davies, and Larkin [7] (on MBBA). They conclude that cc a considerable barrier to rotation about the long axis exists in the nematic and even in the isotropic phase >>. Further data on the values of these energy barriers against rotation are givenin three papers by Simova, Kirov, and Nikolov [9, 11, 16] (on AOAOB's and a number of other compounds). These authors also come to the conclusion that the energy barriers against rotation are quite high in the nematic and isotropic phases. diffusion is dominated by rotational diffusion, but do not specify the kind of motions involved. Olivei [75] , in a theoretical analysis of the data of Dimic and COworkers, concludes that these data indicate that librational motions dominate: In a paper on PAA, Pynn [77] concludes that the <( scattering from the nematic phase might be explicable in terms of hindered rotations of molecules about their long axes B.
6 . 5 DIELECTRIC PROPERTIES. -From a study of the dielectric properties of anisalaminoazobenzene, Tsvetkov and co-workers [I101 find that their data can be explained by a theory that considers the anisotropy of hindered molecular rotation in the nematic-phase.
6.6 SUMMARY. -Taking all these data about rotation in nematic and isotropic phases together, there appears to be a fairly general consensus that the rotation of molecules about their long axis in nematic and isotropic phases is a hindered rotation, not afree rotation. The various authors differ, however, in their estimates of the relative importance of this rotation with respect to other molecular motions, and in their estimates of how strongly hindered the rotations are.
